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CHAPTER 4.0
GROUND MOTION CHARACTERIZATION

4.1 BASIC GROUND MOTION CHARACTERISTICS

Results of the seismic hazard analysis will establish the peak horizontal ground acceleration (PHGA) for
use in design analysis. However, PHGA is only one of the characteristics of the earthquake ground motion
at a site that influence the potential for damage. The damage potential of seismically-induced ground
motions may also depend upon the duration of strong shaking, the frequency content of the motion, the
energy content of the motion, peak vertical ground acceleration (PVGA), peak ground velocity and
displacement, and the intensity of the motion at times other than when the peak acceleration occurs, as
elaborated below.

The acceleration response spectrum is one commonly used index of the character of earthquake ground
motions. An acceleration response spectrum provides quantitative information on both the intensity and
frequency content of the acceleration time history. However, while widely used in structural engineering,
response spectra are of limited use in geotechnical analysis. The primary application of response spectra
to geotechnical practice is as an aid in selection of time histories for input to site response and deformation
analyses, for comparison of accelerograms, and for illustration and evaluation of the influence of local soil
conditions on ground motions.

Other parameters used less frequently than PHGA and the acceleration response spectrum to describe the
character of earthquake ground motions include various measures of the duration and energy content of
the acceleration time history. Duration is sometimes expressed directly as the length of time from the
initiation of strong shaking to its cessation. Alternatively, indirect measures of duration, including the
number of equivalent cycles and the number of positive zero crossings of the acceleration time history, are
sometimes employed in earthquake engineering practice.

The energy content of the strong ground motion may be expressed in terms of the roor-mean-square (RMS)
and duration of the acceleration time history or in terms of the Arias intensity. The RMS, discussed in
detail in Section 4.4, represents an “average” or representative value for the acceleration over the defined
duration of the strong ground motion. The Arias intensity is the square of the acceleration integrated over
the duration of the motion. The time history of the normalized Arias intensity, referred to as a Husid plot,
is sometimes used to define the duration of strong shaking.

These various indices of the character of strong ground motions (ground motion parameters) commonly
used in engineering practice are defined and described in this chapter. Following their definition and
description, procedures for using these indices for selection of representative time histories to characterize
earthquake ground motions at a site are presented.

4.2 PEAK VALUES

4.2.1 Evaluation of Peak Parameters

Peak horizontal ground acceleration (PHGA) is the most common index of the intensity of strong ground
motion at a site. The PHGA is directly related to the peak inertial force imparted by strong shaking to a

structure founded on the ground surface and to the peak shear stress induced within the ground itself. Peak
vertical ground acceleration (PVGA), peak horizontal ground velocity (PHGV), and peak horizontal
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ground displacement (PHGD) are also used in some engineering analyses to characterize the damage
potential of ground motions. For instance, PHGV is a common index of structural damage and PHGD may
be used in analyses of retaining walls, tunnels, and underground pipelines. PVGA is an important
parameter in the design of base-isolated structures.

Peak values for design analyses are evaluated on the basis of the seismic hazard analysis. For major
projects, a site or project specific seismic hazard analysis may be performed. Alternatively, results from
published regional seismic hazard analyses or from seismic hazard analyses performed for previous
projects in the same vicinity may be used. Most published seismic hazard maps tend to be probabilistic
in nature. Both deterministic and probabilistic project-specific analyses are used in practice.

4.2.2 Attenuation of Peak Values

A key step in both deterministic and probabilistic seismic hazard analyses is calculation of the ground
motion parameter of interest at a given site from an earthquake of a given magnitude and site-to-source
distance. These ground motion parameter values are typically evaluated using an attenuation relationship,
an equation that relates the parameter value to the key variables on which the ground motion parameter
depends (e.g., earthquake magnitude, site-to-source distance, style of faulting). Attenuation relationships
may be developed either from statistical analyses of values observed in previous earthquakes or from
theoretical models of the propagation of strong ground motions. These observations and analyses indicate
that the most important factors influencing peak values of earthquake strong ground motions at a site are
the magnitude of the earthquake, the distance between the site and the earthquake source, the style of
faulting, and local ground conditions (e.g., rock or soil site conditions).

There are many different attenuation relationships that have been proposed. Campbell (1985), Joyner and
Boore (1988), and Atkinson and Boore (1990) provide excellent summaries of many of the available
attenuation relationships.

A large number of attenuation relationships are available for the western United States. These attenuation
relationships are based primarily on statistical analysis of recorded data. For the eastern and central United
States, where little to no recorded strong motion data are available for statistical analysis, relatively few
attenuation relationships are available. The few attenuation relationships that do exist for the eastern and
central United States are based primarily upon theoretical models of ground motion propagation due to the
lack of observational data.

Even when restricted to a relatively narrow geographic locale like the northwestern United States, there
may still be a need to use different attenuation relationships for different tectonic conditions. For example,
Youngs, et al. (1988) found differences in attenuation of ground motions between earthquakes occurring
along the interface between the subducting Juan de Fuca tectonic plate and the North American plate
(interplate events) and earthquakes occurring within the subducting Juan de Fuca plate (intraplate events)
in the Pacific northwest (see Figure 2-1).

PHGA attenuation relationships for shallow earthquakes that occur at the interface between the Pacific and
American tectonic plates in the western United States have been developed by many investigators,
including Campbell and Duke (1974), Campbell (1993), Campbell and Bozorgnia (1994), Boore, er al.,
(1993), Boore and Joyner (1994), Sadigh, ez al., (1993), Geomatrix (1995), Silva and Abrahamson (1993),
Abrahamson and Silva (1996), and Idriss (1995). Table 4-1 presents a summary of commonly used PHGA
attenuation relationships in the western United States. These relationships consider earthquake magnitude,
site-to-source distance, and local ground conditions (soil or rock). These relationships may also
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discriminate on the basis of style of faulting, as statistical analysis shows that reverse (thrust) fault events
generate peak ground accelerations approximately 20 to 30 percent greater than strike-slip events of the
same magnitude at the same distance. Figure 4-1 compares mean value PHGA attenuation curves for
magnitude 6.5 and 8.0 events on a strike-slip fault calculated by three commonly used attenuation
relationships for western United States earthquakes.

Different attenuation relationships than those used for shallow crustal earthquakes are used for the
subduction zone earthquakes that occur along the Pacific Coast in Alaska, Washington, Oregon, and the
northwest corner of California. For subduction zone earthquakes, PHGA attenuation relationships by
Cohee, et al., (1991) and Youngs, et al., (1988) are often used in earthquake engineering practice. Table
4-2 presents the relationships for attenuation of PHGA in subduction zone earthquakes developed by
Cohee, et al. (1991) and Youngs, et al. (1988).

With respect to differences in ground motion attenuation between the western United States and the eastern
and central United States, it is generally agreed that ground motions east of the Rocky Mountains attenuate
more slowly than ground motions in the west. However, due to the much lower rates of seismicity and
the absence of large magnitude earthquakes since the deployment of strong motion accelerographs in the
eastern and central United States, there is insufficient data to characterize the attenuation of strong ground
motions east of the Rocky Mountains using statistical methods. Therefore, attenuation relationships used
for earthquakes occurring in eastern and central United States are based upon theoretical modeling of
ground motion attenuation. Attenuation relationships for the eastern and central United States commonly
used in engineering practice include relationships developed by Nuttli and Herrmann (1984), Boore and
Atkinson (1987), McGuire, er al. (1988), Boore and Joyner (1991), and Atkinson and Boore (1995).

Table 4-2 includes the PHGA attenuation relationships developed by Toro, et. al (1997) for the Mid-
Continent and Gulf Coast regions that were used in developing the 1996 USGS seismic hazard maps.
Figure 4-2 compares typical PHGA attenuation relationship for the eastern and central United States to that
used in the western United States (dashed lines).

Factors other than distance, magnitude, and style of faulting may influence the attenuation of strong ground
motions. These factors include depth of earthquake hypocenter, the strike and dip of the fault plane (see
Figure 2-6), location of the site relative to the hanging and foot walls of a thrust fault (see Figure 2-7),
rupture directivity effects, topographic effects, depth to crystalline bedrock, velocity contrasts, asperities
on the rupture surface, wave reflection, wave refraction, and wave scattering. Figure 4-3 presents a recent
attenuation relationship developed by Abrahamson and Silva (1996) for reverse (thrust) faults showing the
influence of the location of the site with respect to the hanging wall and the foot wall of the fault. Most
other factors (e.g., directivity, rupture effects) are not explicitly considered in attenuation relationships and
can only be accounted for by detailed seismologic modeling.

4.2.3 Selection of Attenuation Relationships

The engineer choosing an attenuation relationship for use in practice should keep in mind that new
attenuation relationships are regularly being developed. Many of the investigators who have developed
attenuation relationships for the western United States revise their relationships after almost ever major
earthquake to include newly recorded motions. Therefore, when selecting an attenuation relationship, it
is prudent to review the current literature and select the most appropriate relationship or relationships for
the project site. When evaluating whether or not a certain attenuation relationship is appropriate, the
engineer should thoroughly review the published information regarding its development, especially the
tectonic regime for which it was developed, the ranges of magnitude and distance to which it is restricted,
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and the local ground conditions to which it applies. Frequently, several different attenuation relationships
may be found to be equally appropriate. In such a case, the geometric mean (i.e., In X, = (Z In X;)/n)
of the values calculated using all of the appropriate attenuation relationships is commonly employed in
practice. By using the geometric mean of the values calculated by multiple relationships, bias
inherent to individual relationships is minimized. However, when this approach is used, the multiple
attenuation relationships should not include two generations of an attenuation relationship from the same
investigator (e.g., Campbell, 1989 and Campbell and Bozorgnia, 1994).

Usually, attenuation relationships for both rock and soil sites will be available for use. Except for soil sites
with less than 10 m of soil overlying bedrock and for soft soil sites where the average shear wave velocity
over the top 30 m is less than 120 m/s, soil-site attenuation relationships may be used directly to
characterize ground motions at a soil site. However, due to the variability in conditions at soil sites and
the resulting uncertainty in soil site response, engineers often prefer to use a rock site attenuation
relationship to characterize the design earthquake motions at a hypothetical bedrock outcrop at the
geometric center of the project site and then conduct a site response analysis to evaluate the influence of
local soil conditions on the earthquake motions at the site. The hypothetical bedrock outcrop concept is
congruent with both the free-field (i.e., not affected by structure and/or topography) criterion used to
develop the attenuation relationships and with the concepts used to specify motions for input to computer
programs for seismic site response analyses (rock outcrop and transmitting boundary models, see Sections
6.4 and 6.5).

4.2.4 Selection of Attenuation Relationship Input Parameters

When using an attenuation relationship, it is important to use the magnitude scale consistent with the scale
used to develop the attenuation relationship. In the eastern and central United States, the magnitude
measure generally used in practice is body wave magnitude, m,. In California, moment magnitude, M,,,
local (Richter) magnitude, M,, or surface wave magnitude, M, are used. The differences in these scales
are due to the type of earthquake waves being measured, the type of instrument used to measure them, and
local scaling factors. The relationship between these magnitude scales is shown on Figure 2-5.

Consistency with the site-to-source distance measure used in developing the attenuation relationship is also
important, especially for near-field earthquakes. In the early days of development of attenuation
relationships, the epicentral distance was often used because it was generally the most reliable distance
measure (seismographs were too sparsely located to adequately constrain the focal depth). As
seismographs became more numerous and portable arrays were deployed to measure aftershock patterns
that roughly delineate the rupture zone, the focal depth and extent of the rupture surface were able to be
better located. Statistical analyses indicate that measures of distance from the recording site to the rupture
surface provide a more robust measure of seismic wave attenuation than epicentral distance. Therefore,
most current attenuation relationships for the western United States use some measure of the distance to
the rupture zone. In the eastern and central United States, hypocentral and epicentral distance measures
are still commonly used due to the sparsity of strong-motion recordings from significant earthquakes.

4.2.5 Distribution of Output Ground Motion Parameter Values

All of the attenuation relationships commonly used in practice assume that the output ground motion
parameter values are log-normally distributed (i.e., the logarithm of the parameter value is normally
distributed). Most of the traditional attenuation relationships used in practice characterize the distribution
of the output parameter values with a single, constant value for the log normal standard deviation,
independent of earthquake magnitude. In these traditional relationships, the mean plus one standard
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deviation peak acceleration values are typically about 1.5 times the corresponding mean values. Recently,
Sadigh, er al. (1993), Idriss (1993), and Campbell and Bozorgnia (1994) have developed magnitude
dependent values for the standard deviation, with smaller standard deviations for larger magnitudes.

4.3 FREQUENCY CONTENT

The importance of the frequency content of the earthquake ground motions with respect to the damage
potential of the motions has been demonstrated repeatedly by damage surveys following earthquakes. Such
damage surveys show strong correlations between damage to engineered structures, the natural period of
the damaged structure, and the predominant frequency of the ground motion to which the structure was
subjected. The frequency content of earthquake ground motions is generally characterized by the shape
of the acceleration response spectrum. Velocity and displacement response spectra are also used in
practice to characterize the frequency content of ground motions.

The same statistical analyses used to develop peak ground motion attenuation equations for the western
United States have been used to develop attenuation relationships for spectral values. Joyner and Boore
(1988), Geomatrix (1991), Campbell (1993), and Idriss (1993) present the coefficients for spectral
acceleration attenuation for spectral periods of up to 7.5 seconds. These coefficients can be used to
generate smoothed response spectra that illustrate the influence of magnitude and distance on the frequency
content of strong ground motions.

Figure 4-4 compares smoothed acceleration response spectra for a rock site from Campbell (1993) for
magnitude 5.5, 6.5, and 7.5 events at a distance of 15 km. For comparison purposes, these spectra are
all normalized to a zero period (peak ground) acceleration value of 1.0. This figure clearly illustrates the
increased damage potential of larger magnitude earthquakes. The larger magnitude events have larger
peak spectral accelerations and larger spectral accelerations in the long period range where ground motions
are often most damaging, even though all three spectra are scaled to the same peak acceleration value.

Figure 4-5 compares smoothed acceleration response spectra from three different investigators (Campbell,
1993; Sadigh, et al., 1993; and Boore, et al., 1993) for a rock site for a magnitude 6.5 event at a distance
of 15 km. This figure illustrates the differences among attenuation relationships developed by different
investigators using essentially the same data base. These differences are primarily due to the weighting
scheme used in statistical analysis and the screening criteria used by each investigator in culling records
from the common data base of world-wide strong motion records available for the analysis and theoretical
assumptions on the shape of the attenuationship in the near field (whether or not it “saturates” (plateaus)
at low distances) and the rate of decay of ground motion in the far field. The decision on which attenuation
to use is a subjective one that is generally based on a comparison between the data base and assumptions
used to develop the attenuation relationship and the problem at hand. Alternatively, the arithmetic average
or geometric mean of multiple attenuation relationships may be used.

The smoothed acceleration response spectra illustrated in Figures 4-4 and 4-5 are important tools for
selection of appropriate time histories for geotechnical analysis. When selecting or synthesizing ground
motion time histories for use in engineering analysis, the smoothed spectra are used as a guide to the
appropriateness of the time history frequency content. As illustrated in Figure 4-6, a suite of time histories
for use in engineering analysis is selected such that the suite as a group conforms to the smoothed spectra,
though no single time history is expected to conform to the spectra.
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4.4 ENERGY CONTENT

The energy content of the acceleration time history provides another means of characterizing strong ground
motions. The energy content of the motion is proportional to the square of the acceleration. In
engineering practice, the energy content of the motion is typically expressed in terms of either the
root-mean-square (RMS) and duration of the acceleration time history or the Arias intensity, 1,. The RMS
of the acceleration time history is the square root of the square of the acceleration integrated over the
duration of the motion and divided by the duration:

1
— [[a(®)? at 4-1)
|

where RMSA is the RMS of the acceleration time history, a(#) is the acceleration time history, and t; is the
duration of strong ground shaking. The RMSA represents an average acceleration for the time history over
the duration of strong shaking. The square of the RMSA multiplied by the duration of the motion is
directly proportional to the energy content of the motion.

The value of the RMSA depends upon the definition of the duration of the motion. For instance, if the
duration of the motion is defined such that it extends into the quiet period beyond the end of strong
shaking, the RMSA value will be "diluted" by the quiet period at the end of the record. However, as the
energy content of the motion is unchanged, the product of the RMSA and duration will remain constant.
As the RMSA is not used as frequently as peak ground acceleration in engineering practice, RMSA
attenuation relationships are not developed or revised as frequently as peak acceleration attenuation
relationships. Figure 4-7 presents an attenuation relationship for RMSA at rock sites in the western United
States developed by Kavazanjian, et al. (1985a) using the significant duration (Trifunac and Brady, 1975)

defined in the next Section of this Chapter.
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The Arias intensity, 1,, is proportional to the square of the acceleration integrated over the entire
acceleration time history, a(t):

Tt f
I, = % [ [a(t))?dt (4-2)

where g is the acceleration of gravity and t; is the duration of strong shaking. Arias (1969) showed that
this integral is a measure of the total energy of the accelerogram. Arias intensity may be related to the
RMSA as follows:

1, = 2—’1;(RMSA)2 1 4-3)
Figure 4-8 presents the attenuation relationship developed by Kayen and Mitchell (1997) for Arias

intensity.

The specification of the duration of strong shaking for an acceleration time history can be somewhat
arbitrary, as relatively low intensity motions may persist for a long time towards the end of the record.
If the defined duration of strong motion is increased to include such low intensity motions, the Arias
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intensity will remain essentially constant but the RMSA will decrease (as discussed above). Therefore,
some investigators prefer Arias intensity to RMSA as a measure of energy content because the Arias
intensity of a strong motion record is a more definite, essentially fixed value while the RMSA depends
upon the definition of the duration of strong ground motion. A definition that results in a longer duration
will result in a lower RMSA, but I, will remain essentially unchanged.

Husid (1969) proposed plotting the evolution of the Arias intensity for an accelerogram versus time to
study the evolution of energy release for the strong motion record. Figure 4-9 presents the acceleration
time history recorded at Aloha Avenue in Saratoga during the 1989 M,, 6.9 Loma Prieta earthquake and

the corresponding Husid plot.

Arias intensity and/or RMSA and duration are useful parameters in selecting time histories for geotechnical
analysis. This is particularly true if a seismic deformation analysis is to be performed, as the deformation
potential of a strong motion record is directly proportional to the energy content, which can be expressed
as a function of either Arias intensity or the product of the RMSA and duration of the record.

4.5 DURATION

The duration of shaking is important to the response of a soil deposit and/or overlying structures if the
materials are susceptible to cyclic pore pressure generation, loss of strength or stiffness during cyclic
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Figure 4-9: Accelerogram Recorded During the 1989 Loma Prieta Earthquake.

loading, or other forms of cumulative damage (e.g., permanent seismic deformation). Duration is often
neglected or treated indirectly in evaluating the dynamic response of structures, but is usually implicitly
(based upon magnitude) or explicitly accounted for in liquefaction and seismic deformation analyses.

The bracketed duration of strong motion, Dy, defined by Bolt (1973) as the elapsed time between the first
and last acceleration excursion greater than a specified threshold level, is the definition most often found
in strong motion catalogs. Figure 4-10 illustrates calculation of bracketed duration for Saratoga - Aloha
Avenue accelerogram and a threshold acceleration of 0.05 g.

For problems dealing with cumulative damage during an earthquake, many engineers find the definition
of significant duration, Dy, proposed by Trifunac and Brady (1975) to be the most appropriate duration
definition. Trifunac and Brady (1975) defined the significant duration as the time interval between 5 and
95 percent of the total Arias intensity on a Husid plot. The Trifunac and Brady definition of duration is
illustrated on the Husid plot in Figure 4-11.

The most recent study of significant duration available in the technical literature is by Dobry, et al. (1978).
These investigators plotted significant duration versus earthquake magnitude for events less than and
greater than 25 km from the source. Based upon the summary plot shown on Figure 4-12, these
investigators suggested the following design equation for the significant duration at rock sites:

Ds - 10(0.432Mw - 1.83) (4-4)
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where D, is the significant duration as defined by Trifunac and Brady (1975) and M,, is the moment
magnitude of the design earthquake.

For problems related to soil liquefaction, duration is commonly expressed in terms of the number of
equivalent uniform cycles (e.g., see Seed, et al., 1975). The number of equivalent uniform cycles is
typically expressed as a function of earthquake magnitude to reflect the general increase in duration with
increasing magnitude. Recommendations for the number of equivalent uniform cycles as a function of
earthquake magnitude for use in liquefaction and seismic settlement analyses are presented in Chapter 8.

4.6 INFLUENCE OF LOCAL SITE CONDITIONS
4.6.1 Local Site Effects

Qualitative reports of the influence of local soil conditions on the intensity of shaking and on the damage
induced by earthquake ground motions date back to at least the 1906 San Francisco earthquake (Wood,
1908). Reports of localization of areas of major damage within the same city and of preferential damage
to buildings of a certain height within the same local area from the Mexico City earthquake of 1957, the
Skopje, Macedonia earthquake of 1963, and the Caracas, Venezuela earthquake of 1967 focused the
attention of the engineering community on the influence of local soil conditions on the damage potential
of earthquake ground motions.

Back-analysis by Seed (1975) of accelerograms from the moment magnitude M, 5.3 Daly City (San

Francisco) earthquake of 22 March 1957, presented in Figure 4-13, demonstrate the influence of local soil
conditions on site response. Figure 4-13 shows peak acceleration, acceleration response spectra, and soil
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stratigraphy data at six San Francisco sites approximately the same distance from the source of the 1957
earthquake. The peak acceleration and frequency content of the ground motion recorded at these six sites

were dependent on the soil profile beneath each specific site.

At the sites shown in Figure 4-13, the local soil deposits attenuated the peak ground acceleration by a
factor of approximately two compared to the bedrock sites. However, the acceleration response spectra
for the soil sites clearly show amplification of spectral accelerations at longer periods (periods greater than
0.25 sec) compared to the rock sites. If the bedrock motions had larger spectral accelerations at the longer
periods, a characteristic of larger magnitude events and of events from a more distant source, or if the
natural period of the local soil deposits more closely matched the predominant period of the bedrock
motions, amplification of the peak acceleration could have occurred at the soil sites.

The influence of local ground conditions can also be illustrated using the smoothed acceleration response
spectra discussed in Section 4.3. Figure 4-14 presents smoothed acceleration response spectra calculated
using the Campbell and Bozorgnia (1994) attenuation relationship for a magnitude 8 event at a distance of
5 km for both soil and rock sites. This figure clearly indicates the tendency for soil site motions to contain
a larger proportion of their energy content at longer periods than rock site motions.
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Figure 4-13:  Soil Conditions and Characteristics of Recorded Ground Motions, Daly City (San

Francisco) M,, 5.3 Earthquake of 1957. (Seed, 1975, reprinted by permission of Chapman

and Hall)

4-17 (Part I)

Return to Table of Contents

]




H
B """“\;
e N soi
—~ 1 e q
= == N
NN\
& SN
= AN
<<
& N
-
Ll
o
2
0.1 !
—J
= My= 8
—
o Reverse Faulting ]
< 84th Percentile Damping = 5%
0.01
0.01 0.1 1 10

PERIOD (sec)

Figure 4-14:  Comparison of Soil and Rock Site Acceleration Response Spectra for M,, 8 Event at 5 km.
(Campbell and Bozorgnia, 1994, reprinted by permission of EERI)

The Richter Magnitude 8.0 Mexico City earthquake of 1985 provided dramatic evidence of the influence
of local soil conditions on earthquake ground motions with respect to both peak ground acceleration and
spectral acceleration. Figure 4-15 compares the peak ground acceleration measured at three soft soil sites
in Mexico City to the peak acceleration values calculated from a conventional attenuation relationship at
the mean plus one standard deviation level. As the figure shows, the peak ground accelerations at the three
soft soil sites were significantly greater than the calculated mean plus one standard deviation acceleration
values. The peak ground acceleration at one of these sites approached 0.2 g as compared to the mean plus
one standard deviation value of 0.08 g for this earthquake, which occurred at a distance of 400 km from
Mexico City. Figure 4-16 shows the effect of the local soil conditions at two of these three sites on
spectral accelerations. The acceleration response spectra for the two soft clay sites show spectral
amplification factors of up to 6 (i.e., a ratio of spectral acceleration to peak ground acceleration of up to
6) at the resonant site period.

4.6.2 Codes and Standards

The influence of local soil conditions on spectral shape may be illustrated using design spectra developed
for building codes. For example, the 1994 version of the Uniform Building Code (UBC, 1994), defined
three classes of site conditions when defining the shape of the normalized smoothed response spectra for
structural design. These three classes of site conditions are rock (Type I), deep, cohesionless or stiff clay
soil (Type II), and soft to medium stiff clays and sands (Type III). The smoothed normalized response
spectra corresponding to these three site conditions, presented in Figure 4-17, again illustrate the increase
in spectral acceleration at long periods for soil site motions compared to rock site motions.
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Figure 4-17:  Normalized 1994 Uniform Building Code Response Spectra. (UBC, 1994, reproduced
from the Uniform Building Code™, copyright® 1994, with the permission of the publisher,
the International Conference of Building Officials)

The 1997 version of the UBC has six classes of site conditions and incorporates the effects of near-field
ground motion. The six classes of site conditions incorporated in the 1997 UBC, designated S, through
S;, are defined in Table 4-3 on the basis of the average shear wave velocity in the top 30 meters and other
relevant geotechnical characteristics. The acceleration response spectra for classes S, through S;, are based
on Figure 4-18. For site class Sg, a site specific analysis is required to develop the response spectrum.
The value of C,, the spectral acceleration at zero period for the UBC spectra, is equal to the peak ground
acceleration with a 10 percent probability of not being exceeded in 50 years. For site classes S, through
Sg, C, may be taken from Table 4-4 in combination with the use of Figure 3-4 (to determine the Seismic
Zone Factor, Z). For site class S, a site-specific analysis is required to evaluate C,. The value of C,, for
developing the UBC spectra described by Figure 4-18 is a function of the site class and UBC seismic zone
factor (Figure 3-4 and Table 4-5).

For sites close to active faults (i.e. sites in zone 4), the Near Source Factors defined by Tables 4-6 through
4-8 should be applied to C, and C,. Vertical spectral accelerations are generally assumed equal to 2/3 of
the horizontal spectral accelerations. However, for cases where a Near Source Factor greater than 1.0
is applied to the horizontal spectra, the UBC requires a site-specific analysis to develop the vertical
response spectra.

While building code response spectra are useful to illustrate the effect of local soil conditions on ground

response, these spectra represent effective spectral accelerations for use in structural design and are not
intended to represent smoothed spectra from actual earthquakes. To represent an actual earthquake
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Figure 4-18: 1997 Uniform Building Code Design Response Spectra (UBC, 1997, reproduced from the
Uniform Building Code™, copyright® 1997, with the permission of the publisher, the
International Conference of Building Officials)
TABLE 4-3
1997 UBC SITE CLASSIFICATION
S, Hard Rock > 1500 m/s -
Sg Rock 760 m/s to 1500 m/s
Sc Very Dense Soil and Soft Rock 360 m/s to 760 m/s N > 50, S, > 100 kPa
Sp Stiff Soil 180 m/s to 360 m/s 15 < N < 50
50 kPa < S, < 100 kPa
Se Soft Soil Less than 180 m/s More than 3m of soil with PI > 20,
W, > 40%, and S, < 25 kPa
Se Special Soils Collapsible, liquefiable, sensitive
soils; More than 3m of peat or
highly organic; More than 7.5m of
clay with PI > 75; More than 36m
of soft to medium clay.
Notes:
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TABLE 44
SEISMIC COEFFICIENT C,

Soil Profile Type Seismic Zone Factor, Z
S, 0.06 0.12 0.16 0.24 0.32N,
Sg 0.08 0.15 0.20 0.30 0.40N.
Sc 0.09 0.18 0.24 0.33 0.40N,
Sp 0.12 0.22 0.28 0.36 0.44N.
S 0.19 0.30 0.34 0.36 0.36N,
S See Footnote 1
Notes: ' Site-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic
coefficients for Soil Profile Type S;.
TABLE 4-5
SEISMIC COEFFICIENT C,
Soil Profile Type Seismic Zone Factor, Z
S, 0.06 0.12 0.16 0.24 0.32N,
Sg 0.08 0.15 0.20 0.30 0.40N,
Sc 0.13 0.25 0.32 0.45 0.56N,
Sy 0.18 0.32 0.40 0.54 0.64N,
Se 0.26 0.50 0.64 0.84 0.96N,
S¢ See Footnote 1
Notes: ' Site-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic
coefficients for Soil Profile Type S;.
TABLE 4-6
SEISMIC SOURCE TYPE' |
Seismic Source Definition’
Seismic L. L.
S;;’l;:e Seismic Source Description Max. Moment Slip Rate, SR
Magnitude, M (mm/yr)
A Faults that are capable of producing large magnitude events and that M:>7.0 SR=>5
have a high rate of seismic activity
B All faults other than types A and C M:7.0 SR<5
M<17.0 SR >2
M: 6.5 SR<2
C Faults that are not capable of producing large magnitude earthquakes M < 6.5 SR<2
and that have a relatively low rate of seismic activity
Notes: ! Subduction sources shall be evaluated on a site-specific basis.

Both maximum moment magnitude and slip rat conditions must be satisfied concurrently when determining the
seismic source type.
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TABLE 4-7
NEAR-SOURCE FACTOR N.'

Closest Distance to Known Seismic Source >3
Seismic Source Type
< 2 km S km > 10 km
A 1.5 1.2 1.0
B 1.3 1.0 1.0
C 1.0 1.0 1.0
Notes: ' The Near-Source Factor may be based on the linear interpolation of values for distances other than those show in the table.

? The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.
* The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the
vertical projection of the source on the surface. The surface projection need not include portions of the source depths of 10 km or

greater. The largest value of the Near-Source Factor considering all sources shall be used for design.

TABLE 4-8
NEAR-SOURCE FACTOR N,!
Closest Distance to Known Seismic Source 23
Seismic Source Type
< 2km S km 10 km > 15 km
A 2.0 1.6 1.2 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0
Notes: ' The Near-Source Factor may be based on the linear interpolation of values for distances other than those show in the table.

? The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.

* The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the
vertical projection of the source on the surface. The surface projection need not include portions of the source depths of 10 km or
greater. The largest value of the Near-Source Factor considering all sources shall be used for design.

spectrum, the spectrum generated from an attenuation relationship, or the spectrum from seismic site
response analysis (see Chapter 6) should be used.

In May 1997, FHWA and the National Center for Earthquake Engineering Research (NCEER) jointly
sponsored a workshop on the “National Representation of Seismic Ground Motion for New and Existing
Highway Facilities” (Friedland, et. Al, 1997). Among the issues considered at the workshop were:

. Should the USGS maps and UBC code provisions be used for highway facilities;
. Should vertical and near-source ground motions be specified for design; and
. Should spatial variations of ground motions be specified for design?

While building code response spectra are useful to illustrate the effect of local soil conditions on ground
Workshop participants concluded that, while the 1996 USGS maps provide the basis for a national
portrayal of seismic hazard for highway facilities, design of highway facilities to prevent collapse should
consider design ground motions at probabilities lower than 10 percent probability of exceedence in 50
years that is currently in AASHTO and the UBC. The workshop participants recommended to develop
seismic hazard maps for highway facilities similar to the 1997 National Earthquake Hazard Reduction
Program (NEHRP) provisions for collapse- prevention design of building, wherein the USGS maps for 2%
probability of exceedence in 50 years truncated by deterministic peak values in areas of high seismicity
was recommended.
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Workshop participants concluded that the 1997 UBC spectra, with separate sets of short and long period
factors dependant on the intensity of ground shaking, with increased amplification for low levels of
shaking, and 1/T decay at long periods, were more appropriate than the current AASHTO provisions for
highway facilities design.

Workshop participants also concluded that because the high vertical motions in near-source regions can
significantly impact bridge response, vertical ground motions should be specified for certain types of
bridges in higher seismic zones. Furthermore, because near-source motions have certain unique
characteristics not captured in current UBC or NEHRP spectral shapes, new approaches to specifying near
field motions are needed. Workshop participants also recognized that the response of “ordinary” highway
bridges is not greatly affected by spatial variations of ground motion, but that spatial variations can be
important in some cases and that research is needed to define and address these cases.

4.6.3 Energy and Duration

Local soil conditions can also affect duration and energy content. Energy and durations on soil sites have
greater scatter and tend to be longer than durations on rock sites. In fact, the range of energy and
durations for rock sites appears to be a lower bound for soil site durations. The FHWA/NCEER workshop
participants concluded that energy is a more fundamental parameter, influencing structural response.
However, no accepted energy-based design procedures are currently available. For some geotechnical
problems, duration may be as important as energy content.

4.6.4 Resonant Site Frequency

Amplification of long period bedrock motions by local soil deposits and constructed dams/embankments
and soil retaining systems is now accepted as an important phenomenon that can exert a significant
influence on the damage potential of earthquake ground motions. Significant structural damage has been
attributed to amplification of both peak acceleration and spectral acceleration by local soil conditions.
Amplification of peak acceleration occurs when the resonant frequency of the soil deposits or soil structure
is close to the predominant frequencies of the bedrock earthquake motions (the frequencies associated with
the peaks of the acceleration response spectra). The resonant frequency, f,, of a horizontal soil layer
(deposit) of thickness H can be estimated as a function of the average shear wave velocity of the layer,
(V)ayg» using the following equation:

A%
£ = s 4‘)};" (4-5)

The resonant frequency of a trapezoidal embankment, f, can be estimated using a similar equation of the
form:

Vv
f= 4-6)
a

where the coefficient a, varies between 2.4 and 4 as shown in Figure 4-19.

Amplification of the spectral acceleration may occur at soil sites in any earthquake at frequencies around
the resonant frequency of the soil deposit. Some of the most significant damage in recent earthquakes
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f = s’avg

T | =

H f, = Fundamental Frequency
H-h = Height of the Dam/Embankment
Vg = Shear Wave Velocity
a, = coefficient
v
A a,
0.00 2.405
0.03 2.409
0.05 2.416
0.10 2.448
0.15 2.501
0.20 2.574
0.25 2.668
0.30 2.786
0.35 2.930
0.40 3.107
0.45 3.323
0.50 3.588
1.00 4.0

Note:  For 0.5 < A < 1.0, a, may be derived by linear interpolation from a, = 3.6 for A = 0.5 to a, = 4.0 for A = 1.0.

Figure 4-19:  Fundamental Frequency of Trapezoidal Dam/Embankment

4 -25 (Part 1)
Return to Table of Contents

st




(e.g., building damage in Mexico City in the 1985 earthquake and damage to freeway structures in the
Loma Prieta earthquake of 1989) has occurred in situations where the predominant frequencies of the
bedrock motions and the resonant frequencies of both the local soil deposit and the overlying structure all
fell within the same range.

4.7 SELECTION OF REPRESENTATIVE TIME HISTORIES

Earthquake time histories may be required for input to both seismic site response analyses (see Chapter 6)
and seismic deformation analyses (see Chapter 7). There are several procedures that can be used to select
earthquake ground motions at a site. These procedures include:

. selection of motions previously recorded for similar site conditions during a similar earthquake
and at distances comparable to those under consideration;

. selection of generic, publicly available synthetic ground motions generated to represent an event
of the target magnitude;

. estimation of a target spectrum (a spectrum representative of the design magnitude, site-to-source
distance, and local geology (soil or rock) using either an attenuation relationship or a code or
standard) and then selection of recorded or synthetic time histories whose special ordinates are
either comparable to or envelope those of the target spectrum for the period range of interest; or

. use of simulation techniques to generate a project-specific synthetic time history, starting from the
source and propagating the appropriate wave forms to the site to generate a suite of time histories
that can then be used to represent the earthquake ground motions at the site of interest.

In selecting a representative time history from the catalog of available records, an attempt should be made
to match as many of the relevant characteristics of the design earthquake as possible. Important
characteristics that should be considered in selecting a time history include:

. earthquake magnitude;

. source mechanism (e.g., strike slip, dip slip, or oblique faulting);
. focal depth;

. site-to-source distance;

. site geology;

. peak ground acceleration;

. frequency content;

. duration; and

. energy content (RMSA or 1,).

The relative importance of these factors varies from case to case. For instance, if a bedrock record is
chosen for use in a site response analysis to model the influence of local soil conditions, site geology will
not be particularly important in selection of the input bedrock time history. However, if a soil site record
is to be scaled to a specified peak ground acceleration, site geology can be a critical factor in selection of
an appropriate time history, as the record must already include any potential influence of local soil
conditions on the motion. Scaling of the peak acceleration of a strong motion record by a factor of more
than two is not recommended, as the frequency characteristics of ground motions can be directly and
indirectly related to the amplitude of the motion. Leeds (1992) and Naeim and Anderson (1993) present
comprehensive databases of available strong motion records and their characteristics. These strong motion
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records can be obtained in digital form (CD-ROM) from the National Geophysical Data Center (NGDC)
in Boulder, Colorado. Also, Tao (1996) provides detailed information on several other sources from which
accelerograms can be obtained directly via on-line systems or purchased in a variety of formats.

Due to uncertainties in the selection of a representative earthquake time history, response analyses are
usually performed using a suite of time histories rather than a single time history. Engineers commonly
use two to five time histories to represent each significant seismic source in a site response analysis. The
1997 UBC requires a minimum of three pairs of time histories from recorded events for time history
analysis. For earthquakes in the western United States, it should be possible to find three to five
representative time histories that satisfy the above criteria. However, at the present time, there are a
limited number of bedrock strong motion records available from earthquakes of magnitude M,, 5.0 or
greater in the central and eastern United States or Canada, including:

. eight records from the 1988 Saguenay, Quebec earthquake of magnitude M,, 5.9;

. three records from the 1985 Nahanni; Northwest Territories (Canada) Earthquake of Magnitude
M, 6.7; and

. the Loggie Lodge record with a peak horizontal acceleration of 0.4 g from the 1981 Mirimichi,

New Brunswick earthquake of magnitude M,, 5.0.

Therefore, for analysis of sites east of the Rocky Mountains, records from a western United States site,
an international recording site or synthetic accelerograms are often used to compile a suite of at least three
records for analysis.

Generic, synthetically generated ground motions are available only for a limited number of major faults
(fault systems). For example, Jennings, et al. (1968) developed the A1 synthetic accelerogram for soil site
conditions for an earthquake on the southern segment of the San Andreas fault. Seed and Idriss (1969)
developed a synthetic accelerogram for rock sites for an earthquake on the northern segment of the San
Andreas fault. The Jennings, ef al. (1968) Al accelerogram has an energy content which is larger than
the energy content of any accelerogram recorded to date. For this reason, the Al record is often used to
simulate major earthquakes in the Cascadia and New Madrid seismic zones. Appropriate synthetic
accelerograms may also be available to the engineer from previous studies and may be used if they are
shown to be appropriate for the site. Synthetic earthquake accelerograms for many regions of the country
are currently being compiled by the Lamont-Doherty Earth Observatory of Columbia University under the
auspices of the Multi-Disciplinary Center for Earthquake Engineering Research (formally National Center
for Earthquake Engineering Research, NCEER) and can be downloaded from the NCEER website at
“http://nceer.eng.buffalo.edu. A catalog of records representative on northeastern United States seismicity
(i.e., Boston) was recently developed for a Federal Emergency Management Agency (FEMA) research
project on the performance of steel buildings (Somerville, et. Al, 1998). These records can be downloaded
from the Earthquake Engineering Research Center (EERC) website at “http://quiver.eerc.berkeley.
edu:8080/studies/system/ ground_motions.html.”

The target spectrum may be estimated from available attenuation relationships (see Section 4.3). These
attenuation relationships, typically developed for a spectral damping of 5 percent, provide estimates of the
median spectral ordinates and the log-normal standard deviation about the mean. Representative time
histories are selected by trial-and-error on the basis of "reasonable” match with the target spectrum. A
“reasonable” match does not necessarily mean that the response spectrum for the candidate record “hugs”
the target spectrum. Particularly if a suite of time histories is used, a "reasonable" match only requires
that the suite of response spectra averaged together approximates the mean target spectrum. Each
individual spectrum may fluctuate within the plus and minus one standard deviation bounds over most of
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the period range of interest. Natural and/or generic synthetic time histories can be screened in this type
of selection process.

An alternative approach to trial-and-error matching of the target spectrum is computerized generation of
a synthetic time history or a suite of time histories whose spectral ordinates provide a reasonable envelope
to those of the target spectrum. Existing time histories can also be modified to be spectrum compatible.
Several computer programs are available for these tasks (e.g., Gasparin and Vanmarcke, 1976; Ruiz and
Penzien, 1969; Silva and Lee, 1987). However, generation of realistic synthetic ground motions is not
within the technical expertise of most geotechnical engineering consultants. The simulation programs
should only be used by qualified engineering seismologists and earthquake engineers. For this reason,
these simulation techniques are beyond the scope of this guidance document.
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CHAPTER 8.0
LIQUEFACTION AND SEISMIC SETTLEMENT

8.1 INTRODUCTION

During strong earthquake shaking, loose, saturated cohesionless soil deposits may experience a sudden loss
of strength and stiffness, sometimes resulting in loss of bearing capacity, large permanent lateral
displacements, and/or seismic settlement of the ground. This phenomenon is called soil liquefaction. In
the absence of saturated or near-saturation conditions, strong earthquake shaking can induce compaction
and settlement of the ground. This phenomenon is called seismic settlement.

Liquefaction and/or seismic settlement beneath and in the vicinity of highway facilities can have severe
consequences with respect to facility integrity. Localized bearing capacity failures, lateral spreading, and
excessive settlements resulting from liquefaction may damage bridges, embankments, and other highway
structures. Liquefaction-associated lateral spreading and flow failures and seismically-induced settlement
can also affect the overall stability of the roadway. Similarly, excessive total or differential settlement can
impact the integrity and/or serviceability of highway facilities. Therefore, a liquefaction and seismic
settlement potential assessment is a key element in the seismic design of highways.

This Section outlines the current state-of-the-practice for evaluation of the potential for, and the
consequences of (should it occur), soil liquefaction and seismic settlement as they apply to the seismic
design of highways. Initial screening criteria to determine whether or not a liquefaction analysis is needed
for a particular project are presented in Section 8.2. The simplified procedure for liquefaction potential
assessment commonly used in engineering practice is presented in Section 8.3. Methods for performing
a liquefaction impact assessment, i.e., to estimate post-liquefaction deformation and stability, are presented
in Section 8.4. The simplified procedures for seismic settlement of unsaturated sand evaluation commonly
used in engineering practice are presented in Section 8.5. Methods for mitigation of liquefaction and
seismic settlement potential and of the consequences of liquefaction are discussed in Section 8.6.
Advanced methods for liquefaction potential assessments, including one- and two-dimensional fully-coupled
effective stress site response analyses, are briefly discussed in Section 8.3.

8.2  FACTORS AFFECTING LIQUEFACTION SUSCEPTIBILITY

The first step in any liquefaction evaluation is to assess whether the potential for liquefaction exists at the
site. A variety of screening techniques exist to distinguish sites that are clearly safe with respect to
liquefaction from those sites that require more detailed study (e.g., Dobry, et al., 1980). The following
five screening criteria are most commonly used to make this assessment:

*  Geologic age and origin. Liquefaction potential decreases with increasing age of a soil deposit. Pre-
Holocene age soil deposits generally do not liquefy, though liquefaction has occasionally been
observed in Pleistocene-age deposits. Table 8-1 presents the liquefaction susceptibility of soil deposits
as a function of age and origin (Youd and Perkins, 1978).

*  Fines content and plasticity index. Liquefaction potential decreases with increasing fines content and
increasing plasticity index, PI. Data presented in Figure 8-1 (Ishihara, ef al., 1989) show grain size
distribution curves of soils known to have liquefied in the past. This data serves as a rough guide for
liquefaction potential assessment of cohesionless soils. Soils having greater than 15 percent (by
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TABLE 8-1

SUSCEPTIBILITY OF SEDIMENTARY DEPOSITS
TO LIQUEFACTION DURING STRONG SHAKING
(After Youd and Perkins, 1978, Reprinted by Permission of ASCE)

General Likelihood that Cohesionless Sediments, When Saturated, Would Be
Distribution of Susceptible to Liquefaction (by Age of Deposit)
Type of Deposit Cohesionless
Sediments in <500 Year Holocene Pleistocene Pre-
D& pleistocene
Continental Deposits
River channel Locally variable | Very high High Low Very low
Flood plain Locally variable | High Moderate Low Very low
Alluvial fan and plain Widespread Moderate Low Low Very low
Marine terraces and plains | Widespread — Low Very low Very low
Delta and fan-delta Widespread High Moderate Low Very low
Lacustrine and playa Variable High Moderate Low Very low
Colluvium Variable High Moderate Low Very low
Talus Widespread Low Low Very low Very low
Dunes Widespread High Moderate Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low Very low
Tephra Widespread High High Unknown Unknown
Residual soils Rare Low Low Very low Very low
Sebka Locally variable | High Moderate Low Very low
Coastal Zone
Delta Widespread Very high High Low Very low
Esturine Locally variable | High Moderate Low Very low
Beach-high wave energy Widespread Moderate Low Very low Very low
Beach-low wave energy Widespread High Moderate Low Very low
Lagoonal Locally variable | High Moderate Low Very low
Fore shore Locally variable | High Moderate Low Very low
Artificial Deposits
Uncompacted fill Variable Very high — — —
Compacted fill Variable Low — — —
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weight) finer than 0.005 mm, a liquid limit greater than 35 percent, or an in-situ water content less
than 0.9 times the liquid limit generally do not liquefy (Seed and Idriss, 1982).

*  Saturation. Although unsaturated soils have been reported to liquefy, at least 80 to 85 percent
saturation is generally deemed to be a necessary condition for soil liquefaction. In many locations,
the water table is subject to seasonal oscillation. In general, it is prudent that the highest anticipated
seasonal water table elevation be considered for initial screening.

*  Depth below ground surface. While failures due to liquefaction of end-bearing piles resting on sand
layers up to 30 m below the ground surface have been reported, shallow foundations are generally not
affected if liquefaction occurs more than 15 m below the ground surface.

*  Soil penetration resistance. According to the data presented in Seed and Idriss (1982), liquefaction
has not been observed in soil deposits having normalized Standard Penetration Test (SPT) blow counts,
(N))go larger than 22. Marcuson, et al. (1990) suggest a normalized SPT value of 30 as the threshold
value above which liquefaction will not occur. However, Chinese experience, as quoted in Seed, ez
al. (1983), suggests that in extreme conditions liquefaction is possible in soils having normalized SPT
blow counts as high as 40. Shibata and Teparaska (1988), based on a large number of observations,
conclude that no liquefaction is possible if normalized Cone Penetration Test (CPT) cone resistance,
q is larger than 15 MPa.

If three or more of the above criteria indicate that liquefaction is nor likely, the potential for liquefaction
may be considered to be small enough that a formal liquefaction potential analysis is not required. If,
however, based on the above initial screening criteria, the potential for liquefaction of a cohesionless soil
layer beneath the site cannot be dismissed, more rigorous analysis of liquefaction potential is needed.

Liquefaction susceptibility maps, derived on the basis of some (or all) of the above listed criteria, are
available for many major urban areas in seismic zones (e.g., Kavazanjian, ef al., 1985b for San Francisco;
Tinsley, er al., 1985 for Los Angeles; Hadj-Hamou and Elton, 1988 for Charleston, South Carolina;
Hwang and Lee, 1992 for Memphis). These maps may be useful for preliminary screening analyses for
highway routing studies. However, as most new highways are sited outside major urban areas, these types
of maps are unlikely to be available for many highway sites. Furthermore, most of these maps do not
provide sufficient detail to be useful for site-specific studies or detailed design analyses.

Several attempts have been made to establish threshold criteria for values of seismic shaking that can
induce liquefaction (e.g., minimum earthquake magnitude, minimum peak horizontal acceleration,
maximum distance from causative fault). Most of these criteria have eventually been shown to be
misleading, since even low intensity bedrock ground motions from distant earthquakes can be amplified
by local soils to intensity levels strong enough to induce liquefaction, as observations of liquefaction in the
1985 Mexico City and 1989 Loma Prieta earthquakes demonstrate.

Most soil deposits known to have liquefied are sand deposits. However, as indicated on Figure 8-1, some
deposits containing gravel particles (> 2 mm size) in a fine grained soil matrix may be susceptible to
liquefaction. Discussion of the liquefaction potential of gravel deposits is beyond the scope of this
document. The reader is referred to Ishihara (1985), Harder (1988), and Stark and Olson (1995) for a
discussion of methods for evaluation of the liquefaction potential of gravels.
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Figure 8-1:
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8.3 EVALUATION OF LIQUEFACTION POTENTIAL
8.3.1 Introduction

Due to the difficulties in obtaining and testing undisturbed representative samples from most potentially
liquefiable soil materials, in situ testing is the approach preferred by most engineers for evaluating the
liquefaction potential of a soil deposit. Liquefaction potential assessment procedures involving both the
SPT and CPT are widely used in practice (e.g., Seed and Idriss, 1982; Ishihara, 1985; Seed and De Alba,
1986; Shibata and Teparaska, 1988; Stark and Olson, 1995). For gravelly soils, the Becker Penetration
Test (BPT) is commonly used to evaluate liquefaction potential (Harder and Seed, 1986). Geophysical
techniques for measuring shear wave velocity have recently emerged as potential alternatives for
liquefaction potential assessment (Tokimatsu, ef al., 1991; Youd and Idriss, 1997).

8.3.2 Simplified Procedure

The most common procedure used in engineering practice for the liquefaction potential assessment of sands
and silts is the Simplified Procedure originally developed by Seed and Idriss (1982). Since its original
development, the original Simplified Procedure as proposed by Seed and Idriss has been progressively
revised, extended, and refined (Seed, et al., 1983; Seed, et al., 1985; Seed and De Alba, 1986; Liao and
Whitman, 1986). The Simplified Procedure may be used with either SPT or CPT data. Recent summaries
of the various revisions to the Simplified Procedure are provided by Marcuson, et al., (1990) and Seed and
Harder (1990). A 1996 workshop sponsored by the National Center for Earthquake Engineering Research
(NCEER) reviewed recent developments on evaluation of liquefaction resistance of soils and arrived
consensus on improvements and augmentation to the simplified procedure (Youd and Idriss, 1997). Based
primarily on recommendations from these studies, the Simplified Procedure for evaluating liquefaction
potential at the site of highway facilities can be performed using the following steps:

Step 1: From borings and soundings, in situ testing and laboratory index tests, develop a detailed
understanding of the project site subsurface conditions, including stratigraphy, layer geometry,
material properties and their variability, and the areal extent of potential problem zones. Establish
the zones to be analyzed and develop idealized, representative sections amenable to analysis. The
subsurface data used to develop the representative sections should include the location of the water
table, either SPT blow count, N, or tip resistance of a standard CPT cone, g,, mean grain size,
Dy, unit weight, and the percentage of fines in the soil (percent by weight passing the U.S.
Standard No. 200 sieve).

Step 2: Evaluate the total vertical stress, 0,, and effective vertical stress, o,", for all potentially liquefiable
layers within the deposit both at the time of exploration and for design. Vertical and shear stress
design values should include the stresses resulting from facility construction. Exploration and
design values for vertical total and effective stress may be the same or may differ due to seasonal
fluctuations in the water table or changes in local hydrology resulting from project development.
Note that for underwater sites, the total weight of water above the mudline should not be included
in calculating the total vertical stress. Also evaluate the initial static shear stress on the horizontal
plane, t,, for design.

Step 3: If results of a site response analysis are not available, evaluate the stress reduction factor, I, as
described below. The stress reduction factor is a soil flexibility factor defined as the ratio of the
peak shear stress for the soil column, (t,,,),, to that of a rigid body, (t_,,),. There are several
ways to obtain r,. For non-critical projects, the following equations for r, were recommended by
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a panel of experts convened by the National Center for Earthquake Engineering Research
(NCEER) in 1996 (Youd and Idriss, 1997):

r, = 1.0 - 0.00765 z forz<9.15m

r, = 1.174 - 0.0267 z for9.15m < z<23m 8&-1)
r, = 0.744 - 0.008 z for23 <z<30m

r, =0.5 forz > 30 m

where z is the depth below the ground surface in meters. Mean values of r, calculated from
Equation 8-1 are plotted in Figure 8-2 along with the range of data proposed by seed and Idriss
(1971).

For critical projects warranting a site-specific response analysis, or if results of a site response
analysis (see Chapter 6) are available, the maximum earthquake-induced shear stress at depth z,
Tmax» Can be directly obtained from the results of the site response analysis. In this case, it may be
convenient to calculate r, from the site response results for use in spreadsheet calculations using
the following equation:

(Tmax)@depth =z (8-2)

r =
d .
(Ov)@depm =z (amax /g)@surface

where o, is the total shear stress at depth z, a,, is the peak ground surface acceleration, and gis
the acceleration of gravity. The parameters o, and a_,, are also directly calculated by most site
response computer programs described in Chapter 6.

STRESS REDUCTION FACTOR, r,

OO 01 02 03 04 05 06 07 08 09 10

T T 1T 1T T T T 1
3(10) -
Average values
6(20) |-
@0 Mean values of 1y calculated
) 9(30) |- from equation 2
g 12(40) |- glngegrmdrﬁm .
oo pro
SR 1SV R N -
8 i |- Sttt 2 :
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Figure 8-2: Stress Reduction Factor, r,, Versus Depth Curves Developed by Seed and Idriss (1971)
with Added Mean Value Lines from Equation 8-1.
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Use of t,,, from site response analysis (or use of the results of a site response analysis to evaluate
r,) is considered to be generally more reliable than any of the simplified approaches to estimate
1., and is strongly recommended for sites that are marginal with respect to liquefaction potential
(i.e., sites where the factor of safety for liquefaction is close to 1.0).

Step 4: Calculate the critical stress ratio induced by the design earthquake, CSRy,, as:

CSR_, = 0.65 (a

20 /g) t, (0,/0.") (8-3a)

max

If the results of a seismic site response analysis are available, CSRg, can be evaluated from t,,,,
as:

CSR,, = 0.65T /0, (8-3b)

ax

EQ

Note that the ratio T, /0,' corresponds to the peak average acceleration denoted by k., in Chapter
6.

Step 5: Evaluate the standardized SPT blow count, N, using the procedure presented in Chapter 5.

Step 6: Calculate the normalized and standardized SPT blow count, (N,),, using the procedure presented
in Chapter 5

Step 7: Evaluate the critical stress ratio CSR, 5 at which liquefaction is expected to occur during an
earthquake of magnitude M,, = 7.5 as a function of (N,),,. Use the chart developed by Seed, et
al. (1985) as modified by NCEER, shown in Figure 8-3, to find CSR, ;. It should be noted that
this chart was developed using a large database from sites where liquefaction did or did not occur
during past earthquakes. The general conditions for the case history data presented in this chart
are as follows: (1) all sites evaluated were under level ground condition, (2) the effective
overburden pressure for all cases does not exceed 96 kPa, and (3) the magnitude of the
earthquakes considered in all cases was in the neighborhood of 7.5.

Step 8: Calculate the corrected critical stress ratio resisting liquefaction, CSR;. CSR, is calculated as: \

k. -k 84)

M o o

CSR, = CSR,, " k

where k,, is the correction factor for earthquake magnitudes other than 7.5, K, is the correction
factor for stress levels larger than 96 kPa, and k, is the correction factor for the initial driving
static shear stress, T,,. Previous investigators have derived various recommendations on the
magnitude correction factor, Ky, as shown in Figure 8-4. Upon review of all the data, the
NCEER workshop participants have recommended a range of Ky, values for design and analysis
purposes. Their recommendations are presented in Figure 8-4. For effective confining pressures
o', larger than 96 kPa, k, can be determined from Figure 8-5 (Youd and Idriss, 1997). For o’
less than or equal to 96 kPa, no correction is required.

The value of k, depends on both t,, and the relative density of the soil, D,. On sloping ground,
or below structures and embankments, T,, can be estimated using various closed-form elastic
solutions (e.g., Poulos and Davis, 1974) or using the results of finite element (static) analyses.
Once T, and o, are estimated, k, can be determined from Figure 8-6, originally proposed by Seed
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Figure 8-6: Curves for Estimation of Correction Factor, k,. (Harder, 1988 and Hynes, 1988, as cited
in Marcuson, et al., 1990, reprinted by permission of EERI)

(1983) and modified by Harder (1988) and Hynes (1988). However, experts participating in the
1996 NCEER workshop on “Evaluation of Liquefaction Resistance of Soils” (1997) have
concluded that due to the wide range of k, values developed from previous studies and a lack of
consistency of the results, general recommendations for use of k, for design purposes are not
advisable at this time. The evaluation of liquefaction resistance beneath sloping ground or
embankments is not well understood and further research is required.

The effect of plasticity index on liquefaction resistance has also been reported (Ishihara, 1990).
It is generally recognized that liquefaction resistance increases with soil plasticity. For example,
many practitioners have been applying a 10 percent increase to the liquefaction resistance for soils
with a plasticity index greater than 15 percent. However, a reliable correction relationship could
not be formulated at this time due to the lack of data (Youd and Idriss, 1997).

Liquefaction resistance based on SPT (or CPT) measurements could not be reliably estimated for
gravelly soils. Large gravel particles tend to increase the penetration resistance of the penetrometer
unproportionately. To overcome this difficulty, large-diameter penetrometers have been used by
some investigators. The Becker penetration test (BPT) has become the more effective and most
widely used of this type of tools. There are correlations between Becker blowcount and SPT
blowcount. The correlation proposed by Harder (1997) is recommended for liquefaction
evaluation of gravelly soils in cases where Becker penetration testing data are available. Detailed
information on the procedure is presented in the NCEER report (Youd and Idriss, 1997). In the
absence of Becker penetration testing data, the effects of gravel content can be roughly estimated
using the correlation curve shown in Figure 8-7 (Ishihara, 1985). The “Cyclic Strength of Sand
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Figure 8-7: Effects of Gravel Content on Liquefaction Resistance of Gravelly Soils (Ishihara, 1985)

with Zero Gravel” cited in the figure should be obtained from the sand layers at the site in the
vicinity of the gravelly soil deposit, provided that the sand layers (without gravel) and the
gravelly soil layers were formed under the same geological conditions.

Step 9: Calculate the factor of safety against initial liquefaction, FS,, as:

FS, = SR, (8-5)
L CSRy, )

There is no general agreement on the appropriate minimum factor of safety against liquefaction (NRC,
1985). There are cases where liquefaction-induced instability has occurred prior to complete liquefaction,
1.e., with a factor of safety against initial liquefaction greater than 1.0. For regular highway bridge design,
it is recommended that a minimum factor of safety of 1.1 against liquefaction be required.

It should be noted that the Simplified Procedure is aimed primarily at moderately strong ground motions
(0.2 g < a,, < 0.5g). If the peak horizontal acceleration is larger than 0.5 g, more sophisticated, truly
non-linear effective stress-based analytical approaches may be advisable. Computer programs for
evaluation of liquefaction potential as a part of a site response analysis include the one-dimensional
response analysis computer program DESRA-2 (Lee and Finn, 1978) and its derivative codes MARDES
(Chang, et al., 1991), D-MOD (Matasovi¢, 1993), and SUMDES (Li, et al., 1992) as well as two-
dimensional codes such as DYNAFLOW (Prevost, 1981), TARA-3 (Finn, ef al., 1986), LINOS (Bardet,
1992), DYSAC2 (Muraleetharan, et al., 1991), and certain adaptations of FLAC (Cundall and Board,
1988) (e.g., Roth and Inel, 1993). These computer programs are briefly discussed in Chapter 6.
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An example of a liquefaction analysis performed using the Simplified Procedure is presented in Part II of
this document.

8.3.3 Variations on the Simplified Procedure

The principle variations on the simplified procedure used in practice include the use of CPT resistance and
shear wave velocity, instead of the normalized SPT blow count to evaluate the critical stress ratio, causing
liquefication for a magnitude 7.5 earthquake, CSR,;. Figure 8-8 presents the relationship between
corrected CPT tip resistance, qc,y, and CSR, 5, where qc,y is evaluated from the tip resistance q. as

follows:
P, . q
dein = [—,‘] (’ﬁ] (8-6)
o'y P,

where o'y is effective overburden pressure, P, is atmospheric pressure (approximately 100 kPa) and n is
an exponent that varies from 0.5 for clean sands, 0.7 for silty sands, and 0.8 for sandy silt.

It should be noted that Figure 8-8 is applicable for clean sands with fines less than 5 %. To correct the
normalized penetration resistance, qc,y, of sands with fines greater than 5% to an equivalent clean sand
value, (q¢;y)cs the following relationship is used.

@eines = Keslein 8-7

where K varies from 1.0 for fines less than 5%, 1.4 for fines equal to 15%, to 3.35 for fines equal to
35%.

Simplified procedures using field measurements of small-strain shear wave velocity, Vg, to assess
liquefaction resistance of granular soils have also been proposed. Figure 8-9 presents the relationship
(Youd and Idriss,1997) between CSR,; and stress-corrected shear wave velocity, Vg, where Vg, is
calculated as:

Pa 0.25
Vsi = Vs (8-8)

The relationship shown in Figure 8-9 was developed based on data from many field sites (including the
field performance data from the 1989 Loma Prieta earthquake) where liquefaction did or did not occur.
Similar to the relationships developed using SPT and CPT data, the liquefaction resistance curves in Figure
8-9 are for magnitude 7.5 earthquakes and effective overburden pressures less than about 100 kPa.
Appropriate correction factors as discussed in Section 8.3.2 should be applied to account for magnitudes
other than 7.5 or effective overburden pressures greater than 100 kPa.

8.4 POST-LIQUEFACTION DEFORMATION AND STABILITY
For soil layers in which the factor of safety against initial liquefaction is unsatisfactory, a liquefaction
impact analysis may demonstrate that the site will still perform adequately even if liquefaction occurs.

Potential impacts of liquefaction include bearing capacity failure, loss of lateral support for piles, lateral
spreading, and post-liquefaction settlement. These are all phenomena associated with large soil strains and
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Figure 8-8:
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ground deformations. Relatively dense soils which liquefy may subsequently harden or stabilize at small
deformations and thus have minimal impact on overlying highway structures. Conversely, relatively loose
soils that liquefy will tend to collapse resulting in a much greater potential for post-liquefaction
deformation. Methods for assessing the impact of liquefaction generally are based upon evaluation of the
strain or deformation potential of the liquefiable soil. A liquefaction impact analysis for highway-related
projects may consist of the following steps:

Step 1: Calculate the magnitude and distribution of liquefaction-induced settlement by multiplying the post-
liquefaction volumetric strain, €,, by the thickness of the liquefiable layer, H.

Step 2:

The post-liquefaction volumetric strain can be estimated from the chart presented in Figure 8-10
(Tokimatsu and Seed, 1987). An alternative chart has recently been proposed by Ishihara (1993).
Note that both charts were developed for clean sands and tend to overestimate settlements of sandy
silts and silts. Application of Ishihara's chart requires translation of normalized SPT blow count
(N,)¢, Vvalues determined in Chapter 5 to Japanese-standard N, values (N; = 0.833 (N,),; after
Ishihara, 1993). The magnitude of liquefaction-induced settlement should be calculated at each
SPT or CPT sounding location to evaluate the potential variability in seismic settlement across the

project site.

Estimate the free-field liquefaction-induced lateral displacement, A;. The empirical equation
proposed by Hamada, ez al. (1987) may be used to estimate A, in meters:
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A =0.75 ()2 (5)!” (8-9)

where H is the thickness of the liquefied layer in meters and S is the ground slope in percent.

The Hamada, ez al. (1987) formula in Equation 8-9 is based primarily on Japanese data (for major \
earthquakes of magnitude 7.5 or greater) on observed liquefaction displacements of very loose

sand deposits having a slope, S, less than 10 percent. Therefore, Equation 8-9 should be assumed

to provide only a rough upper bound estimate of lateral displacement. Since Equation 8-9 does

not reflect either the density, or (N,)4, value, of the liquefiable soil or the depth of the liquefiable

layer, it likely provides a conservative estimate of lateral displacement for denser sands or for

cases where the soil liquefies at depth. Estimates of lateral displacement obtained using Equation

8-9 may indicate excessive liquefaction-induced lateral displacements in areas of essentially flat

ground conditions.

A more accurate empirical procedure for assessing lateral spreading was developed by Bartlett and
Youd (1995). This procedure was developed from multiple linear regression analyses of U.S. and
Japanese case histories. Two general types of lateral spreading are differentiated according to
Bartlett and Youds’ study: (1) lateral spread towards a free face, and (2) lateral spread down gentle
ground slopes where a free face is absent. The procedure is summarized as follows:

1) If (N)) values are equal to or more than 15, the potential for lateral displacements
would be small for earthquakes with magnitudes less than 8.0, and no additional

8- 15 (Part )
Return to Table of Contents

= ]




analyses are warranted.

) If (N))g values are less than 15, then the evaluation of lateral displacement is
performed using the following equations:

For free-face conditions:

LogA; = -16.366 + 1.178M - 0.927Log R - 0.013R + 0.657Log W
+0.348Log H, + 4.527Log (100 - F,5 ) - 0.922D50,, (8-10a)

For ground slope conditions:

LogA, = -15.787 + 1.178M - 0.927Log R - 0.013R + 0.429Log S
+0.348Log H,; + 4.527Log (100 - F;5 ) - 0.922D50,, (8-10b)

Where:

AL = Estimated lateral ground displacement in meters

H,, = Cumulative thickness of saturated granular layers with corrected
blow counts, (N,)s, less than or equal to 15, in meters.

D50,s = Average mean grain size in granular layer included in H,5 in
mm.

Fis = Average fines content for granular layers included in H,; in
percent.

M = Earthquake magnitude (moment magnitude).

R = Horizontal distance from seismic energy source, in kilometers.

S = Ground slope, in percent.

w = Ratio of the height (H) of the free face to the distance (L) from

the base of the free face to the point in question, in percent (i.e.,
100H/L).

Step 3: In areas of significant ground slope, or in situations when a deep failure surface may pass through
the body of the facility or through underlying liquified layers, a flow slide can occur following
liquefaction. The potential for flow sliding should be checked using a conventional limit
equilibrium approach for slope stability analyses (discussed in Chapter 7) together with residual
shear strengths in zones in which liquefaction may occur. Residual shear strengths can be
estimated from the penetration resistance values of the soil using the chart proposed by Seed, et
al. (1988) presented in Figure 5-15. Seed and Harder (1990) and Marcuson, et al. (1990) present
further guidance for performing a post-liquefaction stability assessment using residual shear
strengths.

If liquefaction-induced vertical and/or lateral deformations are large, the integrity of the highway facility
may be compromised. The question the engineer must answer is “What magnitude of deformation is too
large?” The magnitude of acceptable deformation should be established by the design engineer on a case-
by-case basis. Calculated seismic deformations on the order of 0.15 to 0.30 m are generally deemed to
be acceptable in current practice for highway embankments in California. For highway system components
other than embankments, engineering judgement must be used in determining the allowable level of
calculated seismic deformation. For example, components that are designed to be unyielding, such as
bridge abutments restrained by batter piles, may have more restrictive deformation requirements than
structures which can more easily accommodate foundation deformations. At the current time,
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determination of allowable deformations remains a subject requiring considerable engineering judgement.
8.5 SEISMIC SETTLEMENT EVALUATION

Both unsaturated and saturated sands tend to settle and densify when subjected to earthquake shaking. If
the sand is saturated and there is no possibility for drainage, so that constant volume conditions are
maintained, the primary initial effect of the shaking is the generation of excess pore water pressures.
Settlement then occurs as the excess pore pressures dissipate. In unsaturated sands, on the other hand,

_ settlement may occur during the earthquake shaking under conditions of constant effective vertical stress
(depending on the degree of saturation). In both cases (saturated and unsaturated soil), however, one result
of strong ground shaking is settlement of the soil.

Liquification induced settlement of saturated sand is addressed as part of a post-liquefaction deformation
and stability assessment as described in Section 8.4 of this Chapter. A procedure for evaluating the seismic
settlement of unsaturated sand, following the general procedure presented in Tokimatsu and Seed (1987),
is outlined below.

Seismic settlement analysis of unsaturated sand can be performed using the following steps:

Step 1: From borings and soundings, in situ testing and laboratory index tests, develop a detailed
understanding of the project site subsurface conditions, including stratigraphy, layer geometry,
material properties and their variability, and the areal extent of potential problem zones. Establish
the zones to be analyzed and develop idealized, representative sections amenable to analysis. The
subsurface data used to develop the representative sections should include normalized standardized
SPT blow counts, (N,), (or results of some other test, e.g., the CPT from which (N o €an be
inferred) and the unit weight of the soil.

Step 2: Evaluate the total vertical stress, 0,, and the mean normal effective stress, o', at several layers
within the deposit at the time of exploration and for design. The design values should include
stresses resulting from highway facility construction. Outside of the highway facility footprint,
the exploration and design values are generally the same.

Step 3: Evaluate the stress reduction factor, r,, using one of the approaches presented in step 3 of
Section 8.3 of this Chapter.

Step 4: Evaluate ¥, ¢ (G /G,y,,) using the Tokimatsu and Seed (1987) equation:

Yett (Geff/ Gmax) = (065 “Amax " Oy rd)/(g : Gmax) (8'11)
where Y. (Ge/G,) is 2 hypothetical effective shear stress factor, a_,, is the peak ground surface
acceleration, g is the acceleration of gravity, and G, is the shear modulus of the soil at small
strain. Note that G, = p - \?, where V, is the shear wave velocity and p is the mass density of

the soil. Alternatively, G, (in kPa) can be evaluated from the correlation given below (Seed and
Idriss, 1970):

Gooe = 4,400[(N ) 1'% (o))" (8-12)

where (N))g, is the normalized standardized SPT blow count defined before and o’ is mean
normal effective stress in kPa. For unsaturated sands, o', can be estimated using Equation 5-12.
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However, for most practical purposes, the approximation o', = 0.65 o', will suffice.
Step 5: Evaluate vy, as a function of v (G./G,,,) and o, using the chart reproduced in Figure 8-11.

Step 6: Assuming that v ~ Y., where vy, is the cyclic shear strain, evaluate the volumetric strain due to
compaction, €, for an earthquake of magnitude 7.5 (15 cycles) using the chart reproduced in
Figure 8-12.

Step 7: Correct for earthquake (moment) magnitude other than M, 7.5 using the correction factors
reproduced in Table 8-2.

Step 8: Multiply the volumetric strain due to compaction for each layer by two to correct for the
multidirectional shaking effect, as recommended by Tokimatsu and Seed (1987), to get the
representative volumetric strain for each layer.

Step 9: Calculate seismic settlements of each layer by multiplying the layer thickness by the representative
volumetric strain evaluated in Step 8. Sum up the layer settlements to obtain the total seismic
settlement for the analyzed profile.
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Figure 8-11:  Plot for Determination of Earthquake-Induced Shear Strain in Sand Deposits. (Tokimatsu
and Seed, 1987, reprinted by permission of ASCE)
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Figure 8-12:  Relationship Between Volumetric Strain, Cyclic Shear Strain, and Penetration Resistance
for Unsaturated Sands. (Tokimatsu and Seed, 1987, reprinted by permission of ASCE)

TABLE 8-2
INFLUENCE OF EARTHQUAKE MAGNITUDE
ON VOLUMETRIC STRAIN RATIO FOR DRY SANDS
(After Tokimatsu and Seed, 1987, Reprinted by Permission of ASCE)

Earthquake Magnitude N““Ebyecrl :sf ::eolfzesset:xative Volun:ect:;ics:ia;l; Ratio
85 26 125
7.5 15 1.0
6.75 10 0.85
6 5 0.6
5.25 2-3 0.4
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Considerable judgement is required when evaluating the performance of a highway facility based on an
estimate of seismic settlement. The magnitude of calculated seismic settlement should be considered
primarily as an indication of whether settlements are relatively small (several centimeters) or relatively
large (several meters). A more precise evaluation of seismic settlement is not within the capabilities of
conventional engineering analyses using the simplified methods presented herein.

8.6 LIQUEFACTION MITIGATION

If the seismic impact analyses presented in Sections 8.4 and 8.5 yield unacceptable deformations,
consideration may be given to performing a more sophisticated liquefaction potential assessment and to
evaluation of liquefaction potential mitigation measures. Generally, the engineer has the following
options: (1) proceed with a more advanced analysis technique; (2) design the facility to resist the
anticipated deformations; (3) remediate the site to reduce the anticipated deformations to acceptable levels;
or (4) choose an alternative site. If a more advanced analysis still indicates unacceptable impacts from
liquefaction, the engineer must still consider options (2) through (4). These options may require additional
subsurface investigation, advanced laboratory testing, more sophisticated numerical modeling, and, in rare
cases, physical modeling. Discussion of these techniques is beyond the scope of this document.

Options that may be considered when designing to resist anticipated deformation include the use of ductile
pile foundations, reinforced earth, structural walls, or buttress fills keyed into non-liquefiable strata to
resist the effects of lateral spreading. These techniques are described in detail elsewhere (e.g., Kramer
and Holtz, 1991).

A variety of techniques exist to remediate potentially liquefiable soils and mitigate the liquefaction hazard.
Table 8-3 presents a summary of methods for improvement of liquefiable soil foundation conditions (NRC,
1985). The cost of foundation improvement can vary over an order of magnitude, depending on site
conditions (e.g., adjacent sensitive structures) and the nature and geometry of the liquefiable soils.
Remediation costs can vary from as low as several thousand dollars per acre for dynamic compaction of
shallow layers of clean sands in open areas to upwards of $100,000 per acre for deep layers of silty soils
adjacent to sensitive structures. Liquefaction remediation measures must be evaluated on a case-by-case
basis to determine their economic viability.

The results of a number of post-earthquake settlement measurements made on Port Island and Rokko Island
following the 1995 Kobe Earthquake in relation to site treatment methods are presented in Figure 8-13
(Yasuda, et al, 1995). The soil profile on these islands is typically 12 to 20 m of loose, hydraulically
filled, decomposed granite sand underlain by several meters of soft, compressible alluvial clay. It should
be noted that sand drains and preloading were used for the purpose of precompressing the soft clay for
reducing future long term settlements under static loads. The results shown in Figure 8-13 suggest that
sand drains and preloading, although have some beneficial effects on the liquefaction resistance, are not
effective methods in preventing liquefaction from occuring. To mitigate liquefaction risk of loose,
grannular soils, proper methods of ground treatment have to be applied.
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